By phenotypic complementation of the cdc2 and the cdc13 mutants of the fission yeast Schizosaccharomyces pombe, we have cloned two novel multicopy suppressors from a cDNA library of the human fibroblast. They encode homologous proteins containing two regions that are highly conserved among RNA binding proteins. We named them scr2 and scr3, the acronyms of the suppressor of cdc2 (cdc13) with RNA binding motif. They encode proteins of 403 (Scr2) and 407 (Scr3) amino acids. Western blot analysis showed that the amount of Cdc2 increased when either rat kidney fibroblasscr2 or scr3 was introduced into the cdc2-L7and cdc13-117 mutant cells of S.pombe. No conspicuous alteration in the transcript level was detected as judged by Northern analysis. Considering that the cdc2 + suppresses the cdc13 mutant and vice versa, one of the possible interpretations of these result is that these genes suppress the mutants through the induction of the translation of Cdc2.
INTRODUCTION
The cdc2 kinase functions at the two major control points during the mitotic cycle of the fission yeast, Schizosaccharomyces pombe (1). The first control point is in the late Gl of the yeast cell cycle known as 'start'. Once cells have passed through the 'start' point into S phase, they are unable to initiate alternative developmental pathways until the cell cycle returns to Gl. The second control point is located in G2 and determines the point for cells to initiate mitosis. At this point, the cdc2 kinase forms a complex with the gene product of cdcl3 called cyclin (2, 3) and controls the G2 to M transition. In mammalian cells, a similar mechanism is employed to drive the cell cycle machinery, albeit the molecular mechanism is more complex and the physiological roles of these proteins are shared by a group of cyclin-dependent kinases [CDK1 -6] and cyclins [cyclin A-E (4, 5) and cyclin G (6) ]. Isolation of human homologues of cdc2 + (7) , cdc25 + (8) and weel + (9) , whose gene products regulate G2 to M transition through the phosphorylation of Cdc2 either as a mitotic activator (Cdc25 phosphatase) or mitotic inhibitor (Weel kinase), are successfully performed by the phenotypic complementation of these mutants with human cDNA libraries. This technique is useful not only to isolate mammalian homologues of these genes but also to clone the genes for the factors that may interact with these homologues and regulate the cell cycle of mammalian cells. We here report two novel human genes isolated as multicopy dual suppressors of cdc2 and cdcl3 mutants of S.pombe, whose gene products possess two RNA binding motifs.
MATERIALS AND METHODS
Isolation of multicopy suppressors Media were prepared as described previously (10) (11) (12) (13) .The plasmid DNA prepared from the human fibroblast (Basinger) cDNA library (8, 9, 14) was transfected to either cdc2 [hc dc2-L7 leul -32] or cdcl3 [h + cdcl3-117 leul-32] mutant of S.pombe with the transducing vector pAL19 as described previously (13) (14) (15) (16) . The transfected cells were spread on minimal medium (MMA) plates and incubated at 23 °C for 24 hr. The plates were shifted to the restrictive temperature (33 °C for cdc2 mutant and 34°C for cdcl3 mutant), incubated furthermore for 3 -5 days to select for rescued clones. The colonies that formed on MMA plates were isolated and subjected to an instability test to distinguish authentic transformants from phenotypic revertants. Plasmid cDNA clones were recovered in E.coli from candidate colonies by utilizing the E.coli competent cells of high frequency (17) . The complementation activity of the recovered cDNAs was confirmed by subsequent transfection into the host strains. The DNA sequence of both strands was determined by the dideoxynucleotide method (18) after subcloning the DNA fragments into M13 phage-derived vectors.
Northern and Western blot analysis of yeast cells Plasmid DNAs were transfected into yeast cells [h~ cdc2-L7 leul-32, h
+ cdcl3-117 leul-32 and h~ leul-32}, spread on MMA plates and incubated at 34°C for 3 -5 days (13) . In the first series of experiment, single colonies were picked up from *To whom correspondence should be addressed each plate, separately inoculated in the minimum broth and incubated overnight at 23°C or 33°C with shaking at 120 r.p.m. In the second series of experiment, a portion of the overnight culture at 23 °C was diluted to 10 volumes of the minimum broth and furthermore incubated at 34°C for 8 hrs. Cells were collected by centrifugation and broken with glass beads in 4M guanidine thiocyanate for RNA preparation or in 50 mM Tris-HC1 [pH 7.5], 250 mM NaCl and 0.1 % NP40 for cell extract preparation. Northern blots were performed as described before (16) . For western blottings, the whole cell extracts (30/tg) were separated by 10% polyacrylamide-SDS gel electrophoresis and transferred onto Immobilon membrane (Millipore). The amount of expressed Cdc2 was assessed by the anti-Cdc2 monoclonal antibody (kindly provided by Dr Y.Nagahama) or the anti-Cdcl3 polyclonal antibody (kindly provided by Dr K.Tamai) with ECL-detection system according to the manufacturer's instruction (Amersham).
Northern and Southern blottings
Total or poly (A) + RNA was prepared from various mammalian cells as described previously (14, 19) . Northern blot analysis was executed with 20^g of total RNA or indicated amount of poly (A) + RNA, which were treated with either formaldehyde (Fig.3) or glyoxal (Fig.4) as described (16, 20) . The blotted nylon membranes (Biodyne;PALL) were hybridized in 5 x SSC, 10 X Denhardt's solution, 0.1 % SDS, 0. lmg/ml of denatured salmon sperm DNA and 50%(v/v) deionized formamide at 42 °C for 16 hours with the Total genomic Southern blots were performed as described previously (20) .
RESULTS

Isolation of novel multicopy suppressors of cdc2 and cdcl3
To search for mammalian multicopy suppressors of the cdc2 and the cdcl3 mutants, the cDNA library of human fibroblast whose cDNA inserts are transcribed by SV40 promoter in S.pombe cells (8, 9, 16 ) was transfected to these mutant cells, incubated at the restrictive temperature and the plasmid DNA was recovered from the surviving yeast cells.
Using the cdc2-L7 mutant as a complementation host, we obtained two novel cDNA clones and tentatively named as 2B123 and 2B145. DNA sequencing of these clones revealed that they contained the same cDNA insert with ca. 1.5 kilonucleotides (EMBL: D28482) encoding a protein of 403 amino acids (Fig.lA) . Homology search in the SWISS PLOT and PIR databases unveiled that the protein harbours two domains called ribonucleoprotein consensus sequence (RNP-CS) (21) indicating that it belongs to a family of RNA binding proteins.
Using the cdcl3-117 mutant as a complementation host, we obtained two novel cDNA clones and tentatively named as 13B26 and 13B68. DNA sequencing of these clones revealed that 13B26 included a cDNA insert of 1509 nucleotides (EMBL:D28483) encoding a protein of 407 amino acids (Fig.lA) , while 13B68 carried a cDNA insert of 1680 bp encoding a protein of 536 amino acids (data not shown). By a homology search in the EMBL and GenBank databases, we found that 13B68 closely resembles the human polypyrimidine-tract binding proteins (-/3) (22, 23) , which are members of another family of RNA binding proteins. Direct comparison of the amino acid sequences of 2B145 and 13B26 showed that they resemble each other (Fig. 1 A) . Both of these proteins contain two domains of about 80 amino acids that are highly homologous to RNP-CS (21) . Each domain possesses two conserved motifs called RNP1 and RNP2 with an interval of about 30 amino acids (Fig. IB) . Hence, we call 2B145 as scr2 and 13B26 as scr3 hereafter, which are the acronyms of the suppressor of cdc2 (cdcl3) with RNA binding motifs. Scr2 and Scr3 contain phosphorylation sites for Cdc2 kinase (24) , protein kinase C (25) and casein kinase II (26, 27) , which may be important for the regulation of their biological activities.
We could not obtain the mammalian homologues of cdc2 + and cdc!3 + in these expression clonings. Hence, we designed oligonucleotides after the published nucleotide sequences for the human homologues of cdc2 (7) and cyclin B (28) genes in order to obtain the DNA fragments of these genes from the human cDNA library by the polymerase chain reaction.With these DNA fragments as probes , we screened the cDNA library of NRK (normal rat kidney) cells by the colony hybridization (data not shown) and obtained the rat homologue of cdc2 + (EMBL: X60767) and cyclin B gene (EMBL: X60768). We used them as positive controls for the complementation.
Complementation of cdc2 and cdcl3 mutations
To show an example of the efficiency of complementation of the cdc2-L7 mutant at the restrictive temperature (33 °C) by an equal amount of plasmid DNAs of several relevant clones, photographs of the plates are shown in Fig.2A . It is notable that the cdcl3 + driven with its own promoter and the cDNA form of cdcl3 + transcribed by the SV40 promoter both complemented the cdc2-L7mutant at almost an equal efficiency. On the other hand, although the rat homologue of cdc2 + suppressed the cdc2-L7 mutation, the rat cyclin B gene, a putative mammalian homologue of the cdcl3 + did not. Human scr2 + and the scr3 + suppressed the mutation as efficiently as cdc2 + itself and other multicopy suppressors tested here ( Fig.2A) . These human cDNAs suppressed the cdc2-L7mutant up to 34°C but not at 35°C (data not shown).
The complementation profile for the cdcl3-ll 7 mutant at the restrictive temperature (34 °C) with an equal amount of plasmid DNA of several relevant clones is also shown in Fig.2B . To our surprise, neither the rat homologue of cdc2+ nor the rat cyclin B gene (a rat homologue of cdc!3 + ) suppressed the cdcl3 mutation under the same condition when both cdc2 + and cdc!3 + complement. Human scr2 + and scr3 + suppressed the mutation as efficiently as the cDNA form of the S.pombe's cdc2 + , albeit the efficiency is much less than that of the cdcl3 + itself. Under a microscope, the shape and the size of the complemented mutant cells looked normal or almost normal for both mutants (Fig.2C, Fig.2D ) as compared to the negative control ( Fig.2C-e and Fig.2D -e), which showed a typical elongated cdc-phenotype. The scr2 + and the scr3 + also suppressed other allelic cdc2 mutants (29) such as cdc2-M63 and cdc2-56 (data not shown). On the other hand, they did not complement the cdclO-129 nor the cdc25-22 mutations of S.pombe (data not shown).
Northern and Western blottings for complemented yeast cells
To assess the effect of scr2 + and scr3 + overexpressions in the mutant cells, we extracted RNA from the cdc2-L7cells carrying relevant cDNA clones and growing at the permissive (23 °C) or the restrictive temperatures (34 °C), and examined the level of transcript of either the cdc2 r ( Fig.3A-i) or the cdcl3 + (Fig.3A- ii) by Northern blottings. The ethidium bromide (EtBr)-stained gel before transfer confirmed the equal quantity of RNA applied in each lane (Fig.3A-iii) . Plasmid DNAs of the vector (pcL), cdc2 + and cdc!3 + were also introduced into the mutant cells as the negative or the positive controls. The results showed that the level of the cdc2 + (Fig.3A-i) or the cdcl3 + (Fig.3A-ii Fig.3B-i; lane 7) , the bands for Cdc2 ls almost disappeared in the case of scr2 + and scr3 + introductions ( Fig.3B-i ; lanes 5,6) at the restrictive temperature (33°C).This is probably due to the unstable character of Cdc2 ts which is safe only when it is protected by the associated Cdcl3 (see Discussion for details). The lower band observed for Cdc2 ts may be due to the degradation product. (Fig.3B-i; lanes 2-8) . Similar Western blots as probed by anti-Cdcl3 antibody showed that the amount of Cdcl3 is unaltered by the introduction of scr2 + , scr3 + and cdcl3 + plasmids (Fig.3B-ii) . To analyse the amount of Cdc2 and Cdcl3 not only in cdc2-L7 mutant cells but also in wild type and cdcl3-117 mutant cells, another series of the Western blotting was conducted. In this case, the yeast cells transfected with the relevant plasmid DNAs were firstly incubated in the minimum medium at the permissive temperature (23°C) for overnight, then a portion of each cell culture was diluted to 10 volumes of the medium and the incubation was continued at the permissive (23 °C) or at restrictive temperature (34°C) for 8 hrs. On this experimental condition, the amount of Cdc2 and Cdcl3 at the permissive temperature was unaltered. Nonetheless, the amount of Cdc2 ts and Cdcl3 was revealed to be increased when the scr2 + , scr3 + ' cdc2 + and cdc!3 + plasmid DNAs were introduced into the cdc2-L7 mutant (Fig.C-i , lanes 7-10) as compared with the vector plasmid (lane 6). This probably is the reason why these plasmid DNAs suppress the cdc2-L7 mutation, that is, the preservation of certain amount of Cdc2 B or Cdcl3 due to induction of expression or protection from degradation barely complements the cdc2^ phenotype.
Similar increment of Cdc2 was also observed when these plasmids were introduced into the cdcl3-ll 7mutant (Fig.3C-ii,  lanes 2 -5 and lanes 7-10) as compared with the negative control Qanes 1 and 6). In this case, the expression level of CdcB 15 was unaltered (Fig.3C-ii) . These results indicate that the suppression of cdcl3-117 mutation by these plasmids is due to the induction of Cdc2 but not Cdcl3*.
When these plasmid DNAs were introduced into the wild type cells, the expression level of both Cdc2 and Cdcl 3 were almost the same for all the plasmids at the permissive and the restrictive temperatures (Fig.3C-iii) . It means that these results obtained with the wild type as hosts should serve as good controls. three bands at 4.5 kb, 2.0-2.4 kb and 1.6 kb are observed in most mammalian cells (Fig.4A) . The two clones we originally obtained (2B123 and 2B145) as scr2 + correspond to the 1.6 kb band. It is surprising that only in mouse testis cells, however, the size of the three bands (1.8 kb, 1.3 kb and 0.9 kb) are quite distinct from others ( Fig.4A; lane 7) . It implies a possibility that scr2 + might be somehow involved in the meiotic process through an alternative splicing. Total genomic Southern blot for human DNA (Fig.5A) showed only a few bands for the digestion by the restriction enzymes such as Banl, BgH,BglQ, EcoRl, HindUl and Frail, which is a typical pattern for a single gene in the mammalian genome. Hence, we assumed that the multiple bands observed in Northern blottings, especially in mouse testis, are derived from a single gene through either alternative splicing or multiple polyadenylation signals, but not from multiple 5cr2 + -like genes in the genome. For scr3 + , five bands at 5.8 kb, 2.8 kb, 1.8 kb, 1.5 kb and 1.4 kb were detected, the smallest two bands were observed in most cells except for HeLa (Fig.4B) . The total genomic Southern blot (Fig.5B ) also showed only a few bands for the digestion by the restriction enzymes such as Banl, BgR,BgM, HincU, HindHl and PVMII, suggesting again that the multiple bands in Northern blottings are not due to the existence of many homologous 5cr3 + -like genes but are derived from varieties of transcriptional scenarios of a single gene. The distinct banding patterns in both Northern and genomic Southern blottings furthermore support the conclusion that scr2 + and scr3 + do not crosshybridize each other.
Northern and Southern blottings
To search for the homologues of scr2 + and scr3 + in the genome of S.pombe, we conducted the total genomic Southern blots utilizing the scr2 + and the scr3 + genes as probes but detected no band (data not shown). We also screened the genomic library of S.pombe by colony hybridizations but failed to recognize a homologous gene (data not shown).
DISCUSSION
The interaction between Cdc2 and Cdcl3 molecules explains the phenomena that the cdc2 + suppresses the cdcl3 mutation and the cdcl3 + suppresses the cdc2 mutation. From the data shown above, it is apparent that the human scr2 + and scr3 + function as multicopy suppressors for cdc2 and cdcl3 mutations. They complement the cdc2 mutation as efficiently as cdc2 + and cdcl3 + themselves, whilst they suppress the cdcl3 mutation with an equal efficacy as cdc2 + but less effectively than cdcl3 + (Fig.2) . These results might suggest that the suppression of cdcl3 mutation by scr2 + and scr3 + is rather an indirect event. Considering that Scr2 and Scr3 belong to a family of RNA binding proteins, it is unlikely that they directly associate with either Cdc2 or Cdcl3. Northern blot experiments showed that the multicopy introduction of these genes scarcely changed the transcript level of cdc2 + or the cdcl3 + (Fig.3A) . On the other hand, the amount of Cdc2 ts and Cdcl3 was largely increased by the introduction of human scr2 + and scr3 + into the cdc2-L7 mutant cells (Fig.3B-i, Fig.3C-i) . The amount of Cdc2 was also increased by the introduction of human scr2 + and scr3 + into the cdcl3-117 mutant cells (Fig.3C-ii) . Nevertheless, the amount of Cdcl3 te was unchanged in this case. These results strongly suggest that the suppression of both cdc2-L7 and cdcl3-117 mutants are primarily due to the increment of Cdc2 ts or Cdc2. The increment of Cdc2 was not apparent at the restrictive temperature in the first series of Western blottings albeit the mutant cells grew well owing to the complementation by human scr2 + and scr3 + ( Fig.3B-i; lanes 5,6) . We interpret this seemingly contradictory result as follows. The expression of the mutated Cdc2 B is actually induced even at the restrictive temperature by the introduction of the scr2 + , scr3 + and cdcl3 + into the mutant cells. In this case, however, Cdc2 ts is unstable and sensitive to the protease attack. It contributes to the cell viability at the restrictive temperature only because the constant production of Cdc2 ts by the excessive induction barely overcomes the degradation. The cdc!3 + suppresses the cdc2 mutation by forming the complex with Cdci 15 , consequently protecting it from the protease attack. Scr2 and Scr3 thus suppresses the cdc2 mutation by overproducing Cdc2 ts probably by affecting the translational machinery. They could not protect Cdc2 ts by association, hence most of them are rapidly degraded. In fact, in the second series of Western blottings, where the cells were firstly incubated at the permissive temperature for 12 hrs, the induced band of Cdc2 clearly appeared ( Fig.3C-i; lanes 7,8) . It should be reminded, of course, that other feasible complementation mechanisms elucidating our results might exist.
The distinct pattern of transcription in varieties of mammalian cells might suggest that scr2 + and scr3 + possess distinct physiological roles. When the mouse embryonal carcinoma (F9) cells were treated with the retinoic acid (RA), which is a potent inducer for differentiation, the transcription of 4.5 kb band was greatly stimulated. On the contrary, the transcription of scr3 + was almost silenced by addition of retinoic acid to F9 cells (Fig.4) . This silencing effect by retinoic acid, however, is not specific for scr3 + , since the intensities of the 1.4 and 1.5 kb bands remain unchanged and that of the 5.8 kb band was rather enhanced when retinoic acid was added to another embryonal stem cell (human NEC-14). For scr2 + , but not for scr3 + -the transcription pattern in mouse testis was dramatically distinct from other tissues.
In order to obtain the homologues of scr2 + and scr3 + in the genome of S.pombe, we screened the genomic library with scr2 + ibutand scr3 + as probes by colony hybridization at a low stringency, but the trials were unsuccessful. Ogas et al (30) reported that the poly (A) binding protein (31) functions as a multicopy suppressor of SWM-dependent lethality. In order to assess if the suppression of cell cycle mutants by the genes for RNA-binding proteins is a common event, we performed the phenotypic cloning by utilizing the cDNA libraries of S.pombe or Saccharomyces cerevisiae with cdc2-L7 as the complementation host and acquired novel cDNA species that suppressed the cdc2 mutation (Nojima etal, unpublished) . DNA sequencing of these clones, however, did not detect any RNA binding motifs in these gene products. It remains to be examined whether scr2 + and scr3 + suppress the temperature sensitive cdc2 mutation of a mouse cell line, FT210 (32) .
Very recently, Negishi et al (33) reported the cloning of the gene for one of the single strand binding proteins (MSSP-1) that specifically associate to the core sequence of the upstream regulatory region of human c-myc gene, (A/T)CT(A/T)(A/T)T. MSSP-1 is found to be the same gene with scr2 + except that it is a truncated form of scr2 + lacking 30 amino acids at the Nterminus. Our results analysing the cdc2 + and cdcl3 + of S.pombe do not exclude the possibility that it regulates the transcription of the human cdc2 gene. It awaits further investigation to determine whether it possesses the dual physiological roles, ie., the regulatory factor for both transcription and translation in mammalian cells.
